Lipopolysaccharide (LPS) from Haemophilus pleuropneumoniae 1536, $erotype 2, was isolated and purified by a procedure designed to be equally satisfactory for both smooth-and rough-type LPS. The LPS yield was 53%. Analysis of the preparations revealed that protein, nucleic acid, and cellular phospholipid contamination was negligible (less than 0.1%). Analysis of the sugar content of the LPS by gas-liquid chromatography and colorimetric analysis revealed the presence of rhamnose, mannose, galactose, glucose, heptose, glucosamine, galactosamine, and 3-deoxy-D-manno-2-octulosonic acid. The heptose and glucose contents appeared to be unusually high. The fatty acids of the LPS consisted of a mixture of C14:0 and C16:0 in a ratio of about 4.5:1 (50% of the total) and 3-hydroxy C14:0. When used as a preparatory dose for the dermal Shwartzman reaction, as little as 10 ,ug of the LPS injected intradermally in rabbits produced reddening and swelling. After intravenous injection of a 100-,ug LPS provoking dose, necrosis was observed at all intradermal injection sites. Limulus amebocyte lysate gelation was observed with an LPS concentration as low as 0.5 ng/ml. A typical biphasic fever response was noted in rabbits injected with as little as 0.25 ng of LPS per kg of body weight.
Haemophilus pleuropneumoniae is the causative agent of a severe, contagious, often fatal respiratory disease known as porcine Haemophilus pleuropneumonia (28, 29) . Although the pathogenesis of this disease has not been elucidated completely, experimental studies have revealed a role for the lipopolysaccharide (LPS) endotoxin synthesized by H. pleuropneumoniae (28) . No definitive studies on H. pleuropneumoniae LPS have been reported thus far. Studies on the LPS of related Haemophilus species, principally H. influenzae, indicate that the LPS may be of a rough-type lacking in smooth-type 0-antigenic side chains (13) . It appeared conceivable that H. pleuropneumoniae could also synthesize a rough LPS. It has also been shown in the past few years that the LPS of a number of different bacterial organisms is heterogeneous in that the LPS from some apparently smooth-type strains lacks a full complement of the 0-antigenic side chains (11, 30) . To isolate and purify the H. pleuropneumoniae LPS, a method was sought that was satisfactory in obtaining both smooth-and rough-type LPS. The recently reported method of Darveau and Hancock (6) , which appears to satisfy this need, was used to isolate and purify the H. pleuropneumoniae LPS.
The prupose of this study was to obtain a pure LPS preparation that has been sufficiently characterized with respect to its chemical composition and biological properties to be used in future studies involving the pathogenesis of H. pleuropneumoniae.
MATERIALS AND METHODS Bacteria and growth conditions. H. pleuropneumoniae 1536, serotype 2, was obtained from the American Type Culture Collection (no. 27089) and stored as a lyophilized powder. The lyophilized material was reconstituted in deionized water, streaked on tryptic soy agar (Difco Laboratories, Detroit, Mich.) containing 0.6% yeast extract * Corresponding author. and 0.001% NAD, incubated at 37°C for 24 h, and transferred to liquid medium of the same composition and allowed to grow at 37°C until a Klett reading of 160 was attained (approximately 10 h). Ten ml of this culture was inoculated into 1,600 ml of fresh cultivation medium. The cells were incubated at 37°C without shaking for 48 h, harvested by centrifugation in a Sorvall model RC-2B centrifuge with a model GS-3 rotor at 13,000 x g for 15 min at 4°C, and washed twice with deionized water. The fihal pellet was suspended in deionized water and lyophilized.
Isolation of LPS and analysis of purity. The LPS isolation procedure was initiated with lyophilized bacterial cells by the method of Darveau and Hancock (6) . The final pellet was suspended in 1.0 ml of deionized water and lyophilized.
The purity of the LPS preparations was ascertained by four different methods. (i) Overall nucleic acid and protein content was estimated by absorbance scans from 300 to 200 nm with absorbance measurements at 260 and 280 nm. (ii) Protein contamination was also examined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) followed by silver staining (22) , and (iii) by a modified Lowry procedure (20 4°C . The supernatant fluid containing alkali-labile fatty acids (ester linked) was decanted, and the partially deacylated LPS pellet was washed by centrifugation as described above with 10.0 ml of chloroform-methanol (3:2), evaporated to dryness, and subjected to acid hydrolysis with HCI as described above. The combined supernatant fluid was dried.
All of the samples described above were subjected to esterification procedures. Both of the HCl hydrolysates were extracted in 7.5 ml of chloroform. The aforementioned combined supernatant fluid sample was reconstituted in 7.5 ml of chloroform. Each of these samples contained 300 nmol of 9,10-dihydroxy stearic acid as the internal standard. All of the samples were treated with 2.5 ml of methanol and 0.2 ml of HCl (final concentration, 0.25 M) and heated at 55°C for 1.0 h to completely esterify the fatty acids. The samples were partitioned, washed with water, dried, and treated with a trimethylsilylation mixture to convert hydroxy esters to 0-trimethylsilyl (TMS) esters and analyzed by GLC on a 25-m capillary column coated with OV-1 (Hewlett-Packard Co., Palo Alto, Calif.) under temperature-programmed conditions by using a Hewlett-Packard model 5840A instrument equipped with flame ionization detectors. After GLC analysis as TMS derivatives, samples were converted to 0-trifluoracetyl (TFA) methyl esters by heatitng the samples in methylene chloride-TFA anhydride for 30 min and reanalyzed. The fatty acid content of E. coli O111:B4 LPS was determined with O-TFA methyl esters.
Fatty acid analyses of whole cell lyophilized preparations were conducted as described by Mayberry (21) . Relative molar response factors for fatty acids of interest were determined by using weighed standards (21) , allowing the determination of individual fatty acids on a nanomole basis with subsequent relative contribution to the total profile as moles percent.
Colorimetric analyses of the LPS. The LPS was analyzed for 3-deoxy-D-manno-2-octulosonic acid (KDO) by the reaction of KDO with thiobarbituric acid by two methods (4, 16) . Heptose content was determined by the cysteine-sulfuric acid assay of Wright and Rebers (31) with D-glycero-Lmannoheptose (supplied by Paul Rebers, Ames, Iowa) as the standard. Total carbohydrate was measured by the phenolsulfuric acid method (3). Total phosphate was determined by the Ames method (2) . Amino sugars were assayed by a modified Elson-Morgan procedure (7) with glucosamine as the standard. All analyses of LPS chemical composition were also performed with the commercial E. coli O111:B4 LPS preparation that was subjected to DNase, RNase, and pronase treatment as specified in the procedure of Darveau and Hancock (6) .
Biological properties of the LPS. The dermal Shwartzman reaction was performed by injecting 2.0-to 2.2-kg male New Zealand albino rabbits intradermally along the latero-median line of the shaved abdomen with 100-, 50-, 20-, 10-, and 0 (control)-p,g doses of LPS in 0.2 ml of sterile, pyrogen-free water followed 24 
RESULTS
Yield and purity of LPS. To ascertain the effectiveness of the procedure used to isolate H. pleuropneumoniae LPS, which was originally designed to isolate and purify both smooth and rough LPS (6), the amount of an LPS-specific fatty acid (3-OH C14:0) present in our final LPS preparation (Table 1) was compared with the amount of this fatty acid present in whole cells ( Table 2 ). The calculated yield based on the recovery of this fatty acid was 53%.
When UV absorbance scans from 300 to 200 nm were performed on the final LPS preparations, no absorption peaks at 260 or 280 nm were detected, suggesting that at most only traces of nucleic acid and protein were present as contaminants in the LPS. In contrast, when a commercial E. coli O111:B4 LPS preparation was subjected to the same analysis, a small peak at 260 nm was observed. Calculations of the nucleic acid content revealed that this LPS may be contaminated with 2.3% nucleic acid. These results taken as a whole indicated that the nucleic acid and protein contents of the H. pleuropneumoniae LPS were each considerably less than 0.1%. Moreover, no protein was detected in the LPS when it was subjected to SDS-PAGE followed by silver staining (Fig. 1) . Because this staining procedure reveals The remaining 50% consists of 3-OH C14:0. Assuming an average fatty acid molecular weight of 229, the fatty acids make up 91.6 jig/mg of LPS or about 9.2% of the total LPS.
It should be noted that essentially all of the nonhydroxy fatty acid is alkali labile (ester linked), whereas the hydroxy fatty acid is alkali stable (amide linked). It was also determined that the E. coli O111:B4 LPS contains about 80 nmol of fatty acid per mg of LPS. Consequently, by using calculations similar to those described above, the total fatty acid content of the E. coli LPS was 2%.
To compare the rather simple fatty acid composition of the H. pleuropneumoniae LPS that is revealed from the data in Table 1 with the fatty acids that occur in intact H. pleuropneumoniae cells, a detailed analysis of the fatty acid content of whole H. pleuropneumoniae cells was conducted with 25-mg samples of lyophilized cells. It appears that the total acid hydrolysate pattern is not uncommon compared with that of other Haemophilus species (Table 2; 15). There was a very small amount of C120, C18:1, and C18:0. The nonhydroxy fatty acids, C14:0, C16:1, and C16:0, were present at the highest levels, 36, 26, and 22%, respectively. The hydroxy fatty acid, C14h, occurred at a level of about 12%. The extractable lipid and alkali-labile fractions were somewhat enriched in C16:1 and C16:0, whereas the hydroxy aqcid in the extractable lipid fraction was negligible. It is also apparent that at least 93% of the hydroxy acid was bound and presumably in a cell wall component (Table 2) . Also, at least 71% of the hydroxy acid was in an alkali-stable (amidelinked) linkage.
Biological properties of the LPS. The results of the dermal Shwartzman reaction with H. pleuropneumoniae and E. coli O111:B4 LPS are shown in Table 5 . All H. pleuropneumoniae and E. coli LPS doses tested elicited a positive response.
H. pleuropneumoniae LPS produced a firm gel (positive test) in the LAL test at a concentration of 0.5 ng/ml or higher. In contrast, E. coli O111:B4 LPS caused firm gelation at a concentration of 0.25 ng/ml or higher.
Fever response curves for H. pleuropneumoniae LPS in rabbits are shown in Fig. 2 . The lowest dose of H. pleuropneumoniae LPS that produced a biphasic fever response was 0.25 ,ug/kg of body weight. Positive controls with E. coli O111:B4 LPS gave essentially identical restilts.
Control rabbits that were administered only sterile, pyrogenfree water exhibited no increase in temperature. DISCUSSION Absorbance scans, SDS-PAGE followed by silver staining, and fatty acid analyses all indicated that the procedure of Darveau and Hancock (6) yields a highly pure H. pleuropneumoniae LPS preparation lacking detectable amounts of nucleic acid, protein, and phospholipid contamination. Furthermore, this procedure (6) contains specific steps to exclude polysaccharide contamination. Studies conducted in Hancock's laboratory with antisera and monoclonal antibody preparations against capsular polysaccharide isolated and purified from the same strain of the heavily encapsulated Pseudomonas aeruginosa as that used for the LPS preparations demonstrated conclusively that these LPS preparations were completely free of contaminating capsular polysaccharide (R. E. W. Hancock, personal communication). The total LPS yield of 53% was comparable to the yields obtained by Darveau and Hancock for other bacterial species.
Analysis of the chemical composition of the H. pleuropneumoniae LPS revealed that in some respects it is similar to that of Haemophilus influenzae. As was found with H. influenzae, the KDO in the H. pleuropneumoniae LPS, when hydrolyzed with 0.2 N H2SO4 by the procedure of Kharkhanis et al. (16) , is present in much smaller amounts (0.4%) than the KDO detected in the LPS of other bacteria such as Salmonella sp. (5 to 8%), P. aeruginosa (4.3%), and Bordetella pertussis (4.6%) (9, 17, 19) , as well as E. coli With respect to the fatty acid composition, it should be noted that as in other Haemophilus species, the number of cell wall fatty acids found in H. pleuropneumoniae whole cells is comparatively low (15) . The general pattern is characterized by relatively large amounts of C14:0, C160, C16:1, and 3-OH C14. The fatty acids C12:0, C18:1, and C18:0 are present but in low concentrations. Consequently, it was not surprising that the H. pleuropneumoniae LPS contained predominantly three fatty acids (C14:0, C16:0, and 3-OH C14).
Investigations on the LAL, pyrogenicity, and dermal Shwartzman reactions revealed that H. pleiuropneiumnoniiae LPS was similar in its biological activity to that of the H.
influtzn-e LPS (9) and also to that of E. coli O111:B4 LPS (this paper).
